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ABSTRACT
L1521F is found to be forming multiple cores and it is cited as an example of the densest core with
an embedded VeLLO in a highly dynamical environment. We present the core-scale magnetic fields
(B-fields) in the near vicinity of the VeLLO L1521F-IRS using submm polarization measurements at
850 µm using JCMT POL-2. This is the first attempt to use high-sensitivity observations to map the
sub-parsec scale B-fields in a core with a VeLLO. The B-fields are ordered and very well connected to
the parsec-scale field geometry seen in our earlier optical polarization observations and the large-scale
structure seen in Planck dust polarization. The core scale B-field strength estimated using Davis-
Chandrasekhar-Fermi relation is 330± 100 µG which is more than ten times of the value we obtained
in the envelope (envelope in this paper is “core envelope”). This indicates that B-fields are getting
stronger on smaller scales. The magnetic energies are found to be 1 to 2 orders of magnitude higher
than non-thermal kinetic energies in the envelope and core. This suggests that magnetic fields are
more important than turbulence in the energy budget of L1521F. The mass-to-flux ratio of 2.3±0.7
suggests that the core is magnetically-supercritical. The degree of polarization is steadily decreasing
towards the denser part of the core with a power law slope of -0.86.
Keywords: polarization, dust emission
1. INTRODUCTION
Magnetic fields (B-fields) are found to be one of the
important drivers in the star formation process but
they are not very well constrained by available ob-
servations. The influence of B-fields on various spa-
tial scales and stages of star-formation is still unclear.
Both magnetically dominated and turbulence domi-
nated scenarios have been advocated to explain the
fact that star formation is slow compared to free-fall
times (Krumholz et al., 2005; Tan et al., 2006). In the
Corresponding author: Archana Soam
archanasoam.bhu@gmail.com, asoam@usra.edu
magnetically dominated scenario for isolated low mass
star formation, the cores gradually condense out of
a magnetically subcritical background cloud, through
ambipolar diffusion (Shu et al., 1987a; McKee et al.,
1993; Mouschovias & Ciolek, 1999; Allen et al., 2003).
In this process, the material, mediated by the mag-
netic field lines, settles into a disk-like morphology of
a few thousand AU in size. This allows the cloud-scale
magnetic fields to become parallel to the cloud minor
axis. Turbulence-dominated scenarios will produce less
orderly magnetic field configurations.
The B-fields are mapped using well established tech-
nique of polarization measurements. In the shorter
wavelengths (i.e. optical and near infrared), the dichro-
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ism or selective extinction causes the observed polariza-
tion. The polarization position angles in optical wave-
lengths trace the plane-of-sky orientation of the ambient
magnetic field at the periphery of molecular clouds (with
AV ≈ 1−2 mag) (Goodman et al., 1995; Goodman,
1996). The minor axes of dust grains align with the ori-
entation of magnetic fields (Hoang & Lazarian, 2008).
Polarization observations at submillimetre/millimetre
wavelengths are used to trace the field lines in more
dense regions of the cloud (Ward-Thompson et al.,
2009). The thermal emission from the dust grains is
stronger along the major axis, producing a polarization
direction perpendicular to the magnetic fields in the
denser core regions (nH2 ∼ 105 − 106 cm−3) observable
even with AV >50 mag. The line-of-sight component of
the magnetic field is measured using Zeeman observa-
tions (Crutcher et al., 1993).
L1521F (MC27; Codella et al., 1997; Onishi et al.,
1999; Lee et al., 2001) is located in the Taurus star-
forming region at a distance of 140 pc (Loinard et al.,
2005; Torres et al., 2007). This core contains a very
low luminosity object (VeLLO) L1521F-IRS with bolo-
metric luminosty of L = 0.05 L⊙ (Terebey et al., 2006;
Bourke et al., 2006). The source was discovered by
Spitzer Space Telescope (SST) (Bourke et al., 2006) but
could not be detected in IRAS mission (Beichman et al.,
1986; Benson & Myers, 1989; Codella et al., 1997) due
to its low luminosity. The core appears to be iso-
lated and associated with strong central condensation
in 160 µm Spitzer image (Kirk et al., 2007) but recent
ALMA observations using high density tracers reveal
that this is a possible site of multiple star formation
(Tokuda et al., 2014). The embedded VeLLO L1521F-
IRS is found to be associated with a compact but poorly
collimated molecular outflow in CO(J=2-1) line observa-
tions (Takahashi et al., 2013). Moreover, Tokuda et al.
(2014) found a very compact bipolar outflow centered
at L1521F-IRS using HCO+ (J=3-2) observations from
ALMA. This core is considered to be at a very early
stage of star formation based on recent ALMA obser-
vations of dust continuum emission and molecular rota-
tional lines by Tokuda et al. (2016). In a latest study on
CO outflow survey of 68 VeLLOs, Kim et al. (2019) sug-
gest that L1521F-IRS is a potential proto-brown dwarf
candidate. They reported a largest identified sample of
15 proto-brown dwarfs among 68 VeLLOs. Their seg-
regation is based on the smaller envelope masses and
lower accretion rates estimated from CO, 13CO, and
C18O molecular line observations.
VeLLOs (Lint . 0.1L⊙) have been detected based
on the data from the SST. The VeLLOs are interest-
ing sources as their luminosity is an order of magnitude
lower than the accretion luminosity Lacc ∼ 1.6L⊙ ex-
pected for a 0.08M⊙ protostar with an accretion rate
of ∼ 10−6M⊙ yr−1 (Shu et al., 1987b) and 3R⊙ stellar
radius. It has been speculated that these sources are ei-
ther progenitors of proto-brown dwarfs (e.g. Lee et al.,
2013; Liu et al., 2016) or very low mass protostars.
The outflows from the protostars are thought to influ-
ence their surrounding environment by generating tur-
bulence which could scramble a relatively weak mag-
netic field in their vicinity. This could disturb any ini-
tial alignment between the core and the envelope mag-
netic fields. On the other hand, the estimated out-
flow parameters suggest that VeLLOs have the most
compact, lowest mass, and the least energetic out-
flows compared to known Class 0/I outflows from low-
mass stars (e.g. Belloche et al., 2002; Wu et al., 2004;
Bourke et al., 2006; Pineda et al., 2011). We therefore
expect the outflows from these sources to have the least
significant effect on their surroundings. This would en-
able the regions to preserve the initial condition that
may have existed prior to the initiation of star forma-
tion showing primordial magnetic fields.
Here we present the first high-sensitivity submm po-
larization observations made towards the L1521F core
harboring a VeLLO with the Submillimetre Common-
User Bolometer Array 2 (SCUBA-2) camera with the
POL-2 polarimeter commissioned at James Clarke
Maxwell Telescope (JCMT). The mapping of sub-pc
scale B-fields towards a low mass star-forming core
(with a VeLLO or proto-brown dwarf candidate) in
a highly dynamical environment is presented for the
first time in the present study. The line-of-sight mag-
netic field towards this source is already studied by
Crutcher et al. (2010). The molecular line observa-
tions towards this region using the Heterodyne Array
Receiver Program (HARP; Carney et al., 2016) and At-
acama Large millimeter/submillimeter Array (ALMA;
Tokuda et al., 2014, 2016) are already available to un-
derstand the kinematics of the core.
The paper is organized as follows: in Section 2, we
describe the observations and data reduction; in Section
3, we give initial results; in Section 4 and 5, we discuss
and summarize our results.
2. DATA ACQUISITION AND REDUCTION
TECHNIQUES
We observed L1521F in 850 µm polarized emission
with SCUBA-2 (Holland et al., 2013) in conjunction
with POL-2 (Friberg et al., 2016; Bastien et. al. in prep.,
2019) in the nights of Nov. 11 to 14, 2017 under
the project code M17BP070 (PI: Soam A.) at JCMT.
L1521F was mapped with 18 observations, with an
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average integration time of ∼ 0.55 hours per obser-
vation, in good weather (0.05 < τ225 < 0.08, where
τ225 is atmospheric opacity at 225GHz). A POL-2
daisy (Friberg et al., 2016) scan pattern was used for
mapping the core producing a uniform, high signal-to-
noise coverage over the central 3′ of the map. This
pattern is similar to SCUBA-2 CV daisy scan pattern
(Holland et al., 2013) but modified to have a slower
scan speed (8′′/s compared to 155′′/s) to obtain suffi-
cient on-sky data for good Stokes Q and U values. A
fully-sampled mapping was done in a 12′ diameter, cir-
cular region with an effective resolution of 14.1′′. The
frequency of wave-plate rotation was 2 Hz.
For reducing the data, we used the pol2map python
script in the Starlink (Currie et al., 2014)1 SMURF
(Jenness et al., 2013) package. Starlink tasks such as
calcqu and makemap (Chapin et al., 2013) were used
in the reduction process. The detailed procedure to
reduce the data and to produce polarization catalog is
explained in Kwon et al. (2018) and Soam et al. (2018).
We adopted slightly different reduction procedure by
using an additional parameter skyloop in pol2map
setting pixel size as 12′′. See Mairs et al. (2015) and
Kwon et al. (2018) for a more detailed description of
the SCUBA-2 and POL-2 data reduction processes,
respectively. The vectors are de-biased (Kwon et al.,
2018) to remove the effect of statistical biasing in low
signal-to-noise-ratio (SNR) regions. Polarized values are
obtained by combining Q and U maps where polarized
intensity exceeds 2 times its standard deviation. For the
analysing the data, we have used only those detections
where S/N> 2 in polarized intensity and polarization
fraction. All position angles are measured from north
increasing towards east. Magnetic field orientation is
derived by rotating the polarization angles by 90◦.
3. RESULTS AND DISCUSSION
3.1. Structure and kinematics of L1521F
Figure 1 shows the dust continuum emission maps
of L1521F observed from Herschel/SPIRE at 250, 350,
and 500 µm wavelengths and JCMT/SCUBA-2 obser-
vations at 850 µm wavelength (this work). SCUBA-2
has a spatial resolution of 14′′ i.e. ∼ 2000 AU spatial
scale at a distance of L1521F i.e. 140 pc. The peak
values of total and polarized intensities are found to be
∼ 200mJy beam−1 and ∼ 15mJy beam−1, respectively.
1
Software: Starlink (Currie et al., 2014), SMURF
(Jenness et al., 2013) used in POL-2 data reduction is cur-
rently supported by the East Asian Observatory.
Table 1. Results of JCMT/POL-2 observations towards
L1521F at 850µm wavelength.
Id α (J2000) δ (J2000) I±σI P ± σP θ ± σθ
(◦) (◦) (mJy/beam) (%) (◦)
1 67.164 26.848 136.6 ± 3.1 12.6 ± 3.6 -75.8 ± 10.3
2 67.160 26.848 105.8 ± 1.8 8.3 ± 3.7 -89.4 ± 9.5
3 67.156 26.848 54.5 ± 2.2 14.8 ± 6.4 -82.7 ± 7.3
4 67.164 26.851 100.4 ± 5.3 5.5 ± 1.9 -64.3 ± 9.2
5 67.160 26.851 81.7 ± 2.7 11.0 ± 1.8 -74.6 ± 4.9
6 67.156 26.851 53.1 ± 1.3 14.1 ± 4.6 -82.9 ± 12.4
7 67.171 26.855 128.3 ± 1.8 3.1 ± 1.4 -44.4 ± 11.9
8 67.164 26.855 176.3 ± 2.7 2.9 ± 0.8 -61.8 ± 7.8
9 67.160 26.855 105.3 ± 1.9 3.6 ± 1.3 -87.8 ± 9.8
10 67.153 26.858 42.5 ± 1.0 15.8 ± 7.8 -52.5 ± 12.1
11 67.175 26.861 95.3 ± 2.2 9.5 ± 4.4 -39.8 ± 11.0
12 67.171 26.861 143.0 ± 1.4 4.7 ± 1.6 -66.0 ± 9.2
13 67.175 26.865 55.1 ± 2.1 23.8 ± 9.9 -51.6 ± 9.8
14 67.171 26.865 92.4 ± 2.5 8.7 ± 3.4 -59.8 ± 9.3
15 67.168 26.865 115.0 ± 1.1 3.8 ± 1.2 -32.5 ± 9.6
16 67.171 26.868 72.6 ± 1.5 10.8 ± 4.8 -63.8 ± 10.5
17 67.168 26.868 98.5 ± 2.7 5.2 ± 2.1 -22.0 ± 10.6
18 67.164 26.868 123.4 ± 2.1 3.3 ± 1.6 -42.9 ± 12.1
θ is the polarization position angle before rotating by 90◦
The rms noise of the background region in the Stokes I
map is measured to be ∼ 2.5 mJy beam−1. This value
was estimated by selecting a region with relatively con-
stant signal ∼ 1′ away from the center of Stoles I map.
This regions is relatively flat, moderately unpolarized,
low in emission, and away from the brightest region in
the I map. The standard deviation of the measured flux
density distribution in that region is considered as the
rms of the Stokes I map.
The L1521F core seems to be elongated in north and
south. The 850 µm observation indicates two curved
emission features that seem to be coming out of the
core in northward direction and one of them is bending
westward. These features are indicated by dashed lines
in panel (d) of the figure 1. Interestingly, the similar
core structure can be noted in Herschel/SPIRE images
shown in panels (a), (b), and (c) of figure 1 at different
wavelengths. The result of JCMT/POL-2 polarization
observations are given in Table 1.
Lee et al. (1999) classified L1521F core as an infall
candidate based on their high resolution observations of
CS (J=2-1) which is supported by Onishi et al. (1999)
from their HCO+ (J=3-2) and (J=4-3) observations.
The CS (J=2-1) and N2H
+ (J=1-0) maps of L1521F
shown by Lee et al. (2001), however, indicate an ex-
tended red asymmetry over the core region. The forma-
tion of L1521F-IRS can be correlated with these motions
seen by Lee et al. (2001).
L1521F is found to be embedded in a very interesting
and dynamic environment seen by the ALMA HCO+
(J=3-2) observations by Tokuda et al. (2014). The com-
pact bipolar outflow seen in their HCO+ (J=3-2) map at
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Figure 1. The dust emission maps of L1521F seen at 250, 350, and 500 µm wavelengths by Herschel/SPIRE and at 850 µm by
JCMT/SCUBA-2. Contours of 850µm intensity are shown with levels 8, 10, 45, 80, 105, 140mJy beam−1. The two interesting
features seen at 850µm are indicated with blue dashed lines.
∼500 AU scale shows some dynamical interaction with
the surrounding gas. There are two high density cores
detected in both dust continuum emission and H13CO+
(J=3-2). The observed features seen in the HCO+ (J=3-
2) and H13CO+ (J=3-2) lines by Tokuda et al. (2014)
suggest that L1521F is probably embedded in a site
where multiple stars are being formed. Tokuda et al.
(2016) presented ALMA observations of dust continuum
emission and molecular rotational lines towards L1521F.
The two starless cores in the close vicinity of L1521F are
found and complex gas structure is seen in 12CO(J=3-
2) and HCO+(J=3-2) observations. An arc-like feature
and a few other core features connected to L1521F are
noticed in HCO+ (J=3-2) emission. The length of the
arc-like structure was found to be ∼2000 AU. They con-
sidered this arc-like structure as a possible result of dy-
namical interaction between the small dense cores and
the surrounding gas on ∼2000 AU scale.
The two diffused features coming out of the L1521F
core in 850 µm and Herschel images (see figure 1), are
neither quite related to the observed magnetic field mor-
phology not outflow cavity in the L1521F core (see figure
2). This could be one of the several such structures seen
toward the Taurus molecular clouds. Several of these
structures show similar east-west patterns, for example,
the structures seen in the direction of other L1521 cores
(A, B, E etc.) suggesting some sort of an external in-
fluence. Recently, Shimajiri et al. (2019) showed a pos-
sible scenario where the gas motion toward B213 fila-
ment is due to its interaction with Per OB2 association.
Authors propose that B211/B213 filament was initially
formed by large-scale compression of HI gas by Per OB2
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association and then it is growing due to gravitational
accretion of ambient cloud. L1521F is one of the several
cores embedded in Taurus molecular cloud and may be
undergoing in the process of gravitational accretion of
surrounding material.
3.2. Magnetic field morphology
Figure 2 shows the B-field morphology in L1521F ob-
tained from Planck 850 µm, optical R-band (0.63 µm)
and JCMT/POL-2 850 µm observations. The parsec
scale B-field geometries are shown in panels (a) and
(b), and the core field geometry at sub-parsec scale is
zoomed-in in panel (c). The location of L1521F-IRS and
the associated bipolar outflows is shown with star and
double-headed arrow symbols in panels (b) and (c). Fig-
ure 3 shows the Gaussian fitted histogram to the distri-
bution of plane-of-sky B-field position angles measured
in optical and submm observations. The mean and stan-
dard deviation values are found to be similar in both the
distributions. The lower panel of the same figure shows
the distributions of polarization fraction and position
angle values detected in envelope and core of L1521F.
The maximum amount of polarization seen in diffuse en-
velope and dense core of L1521F are found to ∼ 7± 2%
and ∼ 24 ± 10%, respectively. However, the pattern of
distribution seems similar in both the cases.
Dust polarization in Planck 850 µm observations is
used to investigate the B-field morphology at a scale of 5′
(Planck Collaboration et al., 2016). The image in panel
(a) of figure 2 is smoothed down to the 7′ resolution to
ensure good SNR data. The vectors are drawn at 3.5′
(half-resolution) steps. The figure shows the large scale
magnetic fields towards L1521F. The location of L1521F
is shown by the white ellipse indicating the area covered
by SCUBA-2 observations. The large-scale field seems
to be running from north-east to south-west. However,
at the location of L1521F, the fields lines are mainly
seen in north-south direction. A smooth bending in the
field lines can be seen from south-west to north direc-
tion. The pinching of field lines is perceptible in the re-
gion east to L1521F. This region also shows a higher de-
gree of polarization than seen in L1521F. Similar trend
of field lines was observed by Soam et al. (2015) when
they plotted the optical polarization vectors with the
Heiles catalog (Heiles, 2000) data selected within 1◦ ra-
dius around L1521F (see figure 8 of Soam et al. 2015).
The field geometry in L1521F envelope seen from op-
tical observations are zoomed in panel (b) of figure 2
(Soam et al., 2015). The mean orientation of field lines
is from north-east to south-west directions which seems
consistent to that seen in Planck observations. The field
lines appear organized but not aligned with the outflow
direction.
The B-field geometry is investigated in L1521F from
POL-2 850µm observations by further zooming-in
(panel (c) of figure 2). Interestingly, the north-east to
south-west component is still seen in the map. The dif-
ference between the outflow direction and the magnetic
field orientation in the envelope is ∼ 50◦ (Soam et al.,
2015). The core scale B-fields are also misaligned with
an offset of ∼ 48◦ between outflows and mean magnetic
field orientation. However, field lines are more aligned
with outflows if the north-eastern component only is
taken into account.
The maps seen at three different scales suggest that
field lines on envelope and core scales are connected and
the global B-field orientation is from north-east to south-
west. This connection is also depicted in the histograms
of position angles plotted in figure 3. Both populations
peak between ∼ 0− 40◦. The correlation of optical and
submm observations can further suggest that the core is
embedded in strong magnetic field environment.
An interesting feature of bending in field lines can
be seen in the core scale B-field geometry. This is
further demonstrated in figure 4 where elliptical core
and the field lines are shown. The location of embed-
ded source in the core is shown with a star symbol.
The associated bipolar outflow cavities are indicated
with dashed parabolas based on the Spitzer observa-
tions of this source by Bourke et al. (2006) shown in
color-composite image as inset in the upper-right corner
of this figure. The field lines in this cartoon seem to be
result of north-east to south-west orientation of Planck
and optical polarization observations which gets bent in
core seen as submm wavelength.
3.3. Strength of magnetic fields
We used Davis-Chandrasekhar-Fermi method (here-
after DCF method; Davis 1951; Chandrasekhar & Fermi
1953) for field strength estimation in L1521F core. The
modified DCF relation (Crutcher et al., 2004) for mea-
suring the plane-of-sky B-field (Bpos) strength is:
Bpos = Q
′
√
4piρ
σv
δθ
≈ 9.3
√
n(H2)
∆v
δθ
µG, (1)
where Q′ accounts for variation in field strength on
scales smaller than beam and is taken as a factor of or-
der unity (Crutcher et al., 2004). The value of Q′ here is
used as 0.5 (Ostriker et al., 2001). The ρ = µgmHn(H2)
is the gas density where µg = 2.8 is the mean molecular
weight of the gas (Kauffmann et al., 2008), mH is the
mass of an hydrogen atom, and n(H2) is the number
density of molecular hydrogen in cm−3. In eq. 1, ∆v =
σv
√
8 ln 2 is FWHM in km s−1 where σv is the average
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Figure 2. Panel (a): Morphology of B-fields obtained from Planck 850 µm dust polarization observations. The location of
L1521F is shown with dashed ellipse in the center. Panel (b): The B-fields mapped with optical R-band (0.63 µm) observations
by Soam et al. (2015) plotted on IRAS 100 µm with the contours of Dobashi extinction map of L1521F (Dobashi et al., 2005).
The position of VeLLO and associated CO bipolar outflows (Takahashi et al., 2013) are shown with star symbol and double
headed arrow. Panel (c): The B-field morphology obtained from 850 µm dust polarization observations of L1521F core shown
on 850 µm dust continuum map. The lengths of line-segments are normalized and independent of fraction of polarization. The
beam sizes in all the frames are shown with filled and open circles.
line-of-sight non-thermal velocity dispersion, δθ is cor-
rected dispersion in position angle in degrees. The cor-
rected dispersion in position angle is obtained by adopt-
ing the procedure explained by Lai et al. (2001) and
Franco et al. (2010) where correction is done in quadra-
ture by using δθ = (σstd
2 − 〈σθ〉2)1/2, where σstd is the
standard deviation in the distribution of position an-
gle and the mean uncertainty 〈σθ〉 was estimated from
〈σθ〉 = Σσθi/N , with σθi as the uncertainty in ith polar-
ization angle2 and N as number of position angles.
2 The uncertainty in the position angles is calculated by er-
ror propagation in the expression of polarization angle θ, which
The corrected value of dispersion in position angle σθ
is found to be∼ 15±2◦ where uncertainty is measured as
standard deviation in the distribution of measured un-
certainties in the position angles. The turbulence in the
DCF relation is measured by the dispersion in the line-
of-sight velocity. Carney et al. (2016) has done a de-
tailed investigation of kinematics in cloud condensations
towards Taurus and Perseus star-forming regions using
JCMT HARP observations of HCO+(J = 4 − 3) and
C18O(J = 3 − 2) gas tracers. But the C18O(J = 3 − 2)
gives, σθ = 0.5 × σP /P in radians, or σθ = 28.65
◦
× σP /P (see;
Serkowski, 1974) in degrees.
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Figure 3. Upper panel: The Gaussian fitted histograms
of plane-of-sky B-field position angles measured at optical
(black) and submm (green) wavelength towards L1521F.
Lower panel: Distribution of percentage of polarization
with B-field position angles in the two samples.
line profiles are affected by the motions in the core enve-
lope. Therefore we looked at the survey towards starless
cores presented by Lee et al. (2001) using N2H
+ (J=1-
0) lines. We have adopted the FWHM value of N2H
+
(J=1-0) line (∆vN2H+ = 0.37±0.02 kms−1) observed to-
wards L1521F core. This core was originally noticed
as a dense condensation with a high central density of
Figure 4. Cartoon showing the field lines, location of
L1521F-IRS and bipolar outflow cavities in L1521F. The in-
set in upper right corner shows the Spitzer color composite
image obtained from Bourke et al. (2006).
∼ 106 cm−3 (Onishi et al., 1999). Kirk et al. (2005) re-
ported a volume density of L1521F core as 2×106 cm−3
with ∼50% uncertainty using JCMT/SCUBA mapping.
We used the above values of standard deviation in polar-
ization angles, dispersion in N2H
+ (J=1-0) line velocity
and volume density in DCF relation and estimated the
B-field strengths as ∼ 330± 100 µG in the core.
Plane-of-the-sky magnetic field strength estimation in
the envelope of L1521F (∼ 25 µG) by Soam et al. (2015)
is found to be more than ten times lower than the value
we obtained at the core-scale. This suggests a strength-
ening of B-fields in the sub-pc scale from parsec scale.
This may be caused by the dragging of field lines from
the envelope to the core region. The line-of-sight B-
field strength towards this core has been found to be -
1.4±4.0 µG by Crutcher et al. (2010) using OH Zeeman
observations from Arecibo telescope. The plane-of-sky
and line-of-sight magnetic field strengths suggest that
the average B-field strength in the core is of the order
of ∼ 330 µG.
3.4. Mass-to-flux ratio
The mass-to-flux ratio estimation helps in testing the
relative importance of gravity and magnetic fields in
the molecular clouds. This parameter is represented by
λ (Crutcher, 2004). The core stability can be tested
using the observed B-field strength and column den-
sity values. The H2 column density of L1521F is
found to be 1 × 1023 cm−2 by Kirk et al. (2005) from
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JCMT/SCUBA observations. We adopted this value of
column density and the average magnetic field strength
as ∼ 330± 100 µG in L1521F core. The value of λ is es-
timated using the the relation given by Crutcher (2004),
λ = 7.6× 10−21N(H2)
Bpos
, (2)
Where N(H2) is the molecular hydrogen column density
in cm−2 and Bpos is the plane-of-sky field strength in µG.
For the considered values of Bpos and column density,
we find λ =2.3±0.7 where the error is included from the
uncertainty in B-field strength measurement only. Since
the plane-of-sky magnetic field is dominating towards
L1521F, we are not applying any geometrical correction
on the measured value of λ. This suggest that the core
is super-critical which is consistent with the asymmetric
line-profiles seen by Lee et al. (2001) predicting global
infall motions in the core.
3.5. B-fields and turbulence from envelope to core
A simple comparison of magnetic field strength and
turbulence from parsec to subparsec scales can be done
in L1521F using optical and submm polarization results
and line observations using CO (J=1-0) in diffuse enve-
lope (Kim et al., 2019) and N2H
+ (J=1-0) in dense core
region (Lee et al., 2001). Since plane-of-the-sky compo-
nent of magnetic fields is much stronger than line-of-
sight field strength, we assume the total field strength
(Btot) same as the measured value of plane-of-the-sky
B-field strength.
The total magnetic field energy (Emag) can be calcu-
lated as
Emag =
B2totV
2µ0
, (3)
where V is the core volume (= 4/3 × pir3) with r as
radius of core. µ0 is the permeability of vacuum. We
used radius of envelope as the extent up to which optical
polarization measurements are done. The core radius is
estimated from the 850 µm continuum emission.
The non-thermal kinetic energy (ENT,kin) of the enve-
lope and core can be calculated as
ENT,kin =
3Mσ2v
2
, (4)
where M is mass of the core and σv is the average
one-dimensional line-of-sight non-thermal velocity dis-
persion. We adopted the envelope mass from Kim et al.
(2016), measured from available Herschel/SPIRE 250
or 500 µm fluxes. We estimated the core mass from
observed 850 µm emission using the following relation
(Hildebrand, 1983)
Table 2. Values calculated in L1521F envelope and core
regions.
Region Btot Emag ENT,kin
(µG) (J) (J)
Envelope 25 1.3× 1038 1.9× 1036
Core 330 5.5× 1035 3.5× 1034
M =
SνDd
2
κνBν(T )
, (5)
where Sν is the 850 µm flux density, D is the dust-to-
gas mass ratio assumed as 0.01, d is the distance of the
core (i.e 140 pc), κν is the dust opacity which is adopted
as 1.85 cm2g−1 from Ossenkopf & Henning (1994), and
Bν(T) is the Planck function. We assumed a core tem-
perature of 9 K from the SCUBA observations of the
L1521F at 850 µm (Kirk et al., 2005).
The values of Btot, Emag, and ENT,kin for L1521F en-
velope and core are given in Table 2. The magnetic
energies in the envelope and core are 1-2 orders of mag-
nitude higher than the non-thermal kinetic energies of
these regions suggesting that magnetic fields are more
important than turbulence and contributing more to the
energy budget of L1521F.
3.6. Depolarization
We investigated the change in polarization fraction
from diffuse to high density regions on L1521F core as
done in several other star-forming regions by previous
studies (i.e. Matthews & Wilson, 2000; Lai et al., 2001;
Tang et al., 2013; Alves et al., 2014; Hull et al., 2017;
Koch et al., 2018; Juvela et al., 2018). Top panel of fig-
ure 5 shows the B-field geometry seen in L1521F core
from POL-2 observations. The lengths of line-segments
are proportional to the polarization percentage. It
can be noticed that amount of polarization fraction
decreases towards high-density brighter regions. The
decrement can be quantified by comparing the length of
line-segments with scale bar. This phenomena is widely
known as depolarization in molecular cloud cores. This
variation of degree of polarization is further investigated
in lower panel of the figure which shows the variation
of polarization fraction with intensity. This plot sug-
gests that the core-scale fraction of polarization is de-
creasing with the intensity towards the higher density
regions. We measured the power-law slope in the dis-
tribution using a least-squares fit, and found it to be
α = −0.86. The widely accepted possible reasons of
lower observed polarization fraction in the cores include
the changes in B-field orientation in the denser regions.
These changes could also stem from the grain growth
with a consequence of more spherical shapes thus not
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Figure 5. Upper panel: The B-field geometry observed
from 850 µm POL-2 observations. The lengths of line-
segments are proportional to the polarization percentage.
The scale for polarization fraction is also indicated. Lower
panel: The variation of polarization fraction with the in-
tensity in L1521F core. The values and their uncertainties
are taken from the POL-2 measurements with 12′′ pixel size
with a 3×3 binning.
getting aligned with the B-fields. Other possible reasons
of the change are suspected to be the magnetic reconnec-
tion (Lazarian & Vishniac, 1999) and/or from weak Ra-
diative Alignment Torques (RATs; Lazarian & Hoang
2007) due to weak radiation field in dense regions. But
the radiation from L1521F-IRS may compensate for the
loss of interstellar radiation field and help in radiative
alignment of the grains.
The power-law index in L1521F is found to be similar
to the index α ∼ -0.9 in ρ Ophiuchus B (Soam et al.,
2018) and more identical to α ∼ -0.8 in ρ Ophiuchus
A (Kwon et al., 2018). A recent study by Seifried et al.
(2018) explored the reasons of the observed depolariza-
tion in the center of molecular clouds using dust po-
larization maps of 3D magnetohydrodynamical (MHD)
simulations. From the MHD modeling of their synthetic
data, they found that dust grains remain aligned at even
at high densities (> 103cm−3) and visual extinction of
AV > 1 mag. They suggest that depolarization is rather
caused by strong variations of the magnetic field direc-
tion along the line-of-sight due to turbulent motions.
Jones (1989) and Jones et al. (1992) assumed that
magnetic field consists of a constant as well as a random
component and modeled polarized radiation through an
extended cloud. They found α = −0.5 when random
component dominates the magnetic field with expected
polarization scales as the square root of number of tur-
bulent cells. The values of slopes steeper than -0.5 leads
to the prediction of more turbulent environment towards
the central high density regions of the cores. We tested
this hypothesis on our results by checking the slope in
very center of the core. We considered the six data
points with total intensities higher than 45mJy beam−1
from the lower panel of figure 5 for fitting power-law.
We obtained a slope of -0.47 in central region which is
much closer to the value found by Jones et al. (1992).
The shallower nature of the P vs I distribution in cen-
tral high density region compared to the whole region
suggests that the B-fields are stronger on the outer pe-
riphery and core is more turbulent towards central high
density region causing scrambled B-fields and hence de-
crease in polarization due to beam averaging across lots
of B-field orientations.
The turbulent nature of L1521F core is supported
by several studies done to investigate the kinematics
of this core using high resolution ALMA observations
(Tokuda et al., 2014, 2016, 2017, 2018). The mentioned
studies found that L1521F is a site with high-dynamic
gas interactions and a multiple star formation at a scale
of ∼100AU. Tokuda et al. (2018) observed 12CO(J=3-
2) line in this core using ALMA at ∼20AU resolution
and found a complex warm filamentary/clumpy struc-
tures with the sizes from a few tens of astronomical units
to ∼1000 AU. These findings suggest that the plausible
reason of depolarization seen towards L1521F may be
the presence of enhanced turbulence in the central high
density region of the core.
3.7. Magnetic fields in other cores with VeLLOs
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The present study is the first sub-pc scale observation
of a nearby core with VeLLO using high sensitivity POL-
2 instrument as compared to the SCUPOL at JCMT.
Prior to the investigation we presented in this work,
there have been several attempts made for mapping B-
fields in the low-mass star-forming cores. However, only
one core with VeLLO namely IRAM 04191+1522 (here-
after IRAM04191) in Taurus has been observed with
SCUPOL in a previous study by Matthews et al. (2009).
We are considering this case with similar central source
luminosity for the discussion in context with L1521F.
Soam et al. (2015) have mapped the B-fields in the en-
velopes of five cores with VeLLOs using optical polariza-
tion measurements. Polarization measurements towards
IRAM04191 have been done in optical (Soam et al.,
2015) and 850 µm (Matthews et al., 2009) wavelengths.
The mean values of the polarization fraction and the
magnetic field orientation with corresponding stan-
dard deviations in IRAM04191 are found to be 13±7%
and 32±36◦ using SCUPOL. It can be noticed from
Soam et al. (2015) and this work, that B-field line
changes their direction by almost 90◦ in IRAM04191
whereas they got slightly bent in L1521F. This can be
attributed to the different environments and kinematics
of the two cores.
A highly collimated CO bipolar outflow was found
to be associated with VeLLO embedded in IRAM04191
(Andre´ et al., 1999). From the CO map of the region
presented by Belloche et al. (2002), the outflow direc-
tion is found to be 28◦ in the plane of the sky from
north towards east. The inner B-fields mapped with
SCUPOL observations are found to be almost aligned
with the outflows in IRAM04191. However, the out-
flows and core magnetic fields in L1521F are found to
be misaligned with an offset of ∼ 48◦.
The VeLLOs are supposed to preserve their inherent
B-fields in the parent cores as they are sources at the
lowest end of mass spectrum and the force from their
associated bipolar outflows is found to be much smaller
compared to other class 0 sources (Kim et al., 2019).
This investigation can be done by plotting the varia-
tion of offsets between B-field orientation and outflows
direction in these sources. Soam et al. (2017) has stud-
ied the detailed distribution of offsets between B-fields
(inferred from optical polarization) and outflows with
their corresponding outflow force values in several VeL-
LOs (shown in their figure 10). The outflows are found
to be misaligned (∼48◦) in L1521F but aligned (∼4◦)
in IRAM04191. We need to increase the sample of such
studies to arrive at any statistically significant conclu-
sion of relation between outflow directions and magnetic
field orientations.
4. SUMMARY
1. We present results from the first sub-pc scale con-
tinuum polarization observation of L1521F, a core
with an embedded VeLLO, now identified as a
proto-brown dwarf candidate. The B-fields are
found very well connected to the large-scale field
structures seen in Planck dust polarization and
optical polarization measurements suggesting the
core embedded in strong magnetic field region.
The pronounced large scale field lines seems to be
running in north-east and south-west direction.
2. The 850 µm continuum map interestingly shows
two diffused elongated structures coming out of
the main L1521F core.
3. The inner B-fields mapped with SCUPOL obser-
vations are found to be almost aligned with the
outflows in IRAM04191. However, the outflows
and core magnetic fields in L1521F are found to
be misaligned with an offset of ∼ 48◦.
4. The B-field strength in L1521F core is estimated to
be ∼ 330± 100 µG which is more than ten times
larger than the value estimated in the envelope.
The core is found to be super-critical with a λ
value of 2.3±0.7.
5. The magnetic energies in the envelope and core
are 1-2 orders of magnitude higher than the non-
thermal kinetic energies of these regions making
magnetic fields contributing more to the energy
budget of L1521F.
6. The fraction of polarization as a function of total
intensity is found to be decreasing in the denser
region suggesting depolarization in the core with
a power-law slope of α = −0.86.
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